Introduction
============

The cell-material surface interaction is one of most important factors for cell adhesion, and plays an important role in regulating cell communication and a series of cell behaviors, including cellular growth, migration, proliferation, differentiation, and apoptosis.[@b1-ijn-10-2423]--[@b3-ijn-10-2423] During cellular adhesion, cells alternately interact with materials via surface receptors that transduce external chemical signals or mechanical stimulation and eventually regulate the expression of specific genes and proteins.[@b4-ijn-10-2423],[@b5-ijn-10-2423] Simultaneously, the transfer of internal activities relies greatly on external materials.[@b6-ijn-10-2423] This complicated process is commonly referred to as bidirectional signal transduction, in which cellular adhesion and material surface properties correlate intimately. In tissue engineering, the surface properties of biological materials usually impose crucial impacts on cell culture,[@b7-ijn-10-2423] healing of wounds,[@b8-ijn-10-2423] and tissue restoration and reconstruction.[@b9-ijn-10-2423] Specifically, cell behavior can be manipulated by altering their material properties, including chemical,[@b10-ijn-10-2423],[@b11-ijn-10-2423] nonmechanical physical,[@b12-ijn-10-2423],[@b13-ijn-10-2423] and mechanical properties in vitro.[@b14-ijn-10-2423] Nanopatternization has been applied effectively to regulate the nonmechanical and physical properties of materials, such as topological structure,[@b15-ijn-10-2423] roughness,[@b16-ijn-10-2423] geometric properties,[@b17-ijn-10-2423] and surface energy.[@b18-ijn-10-2423] It has been demonstrated that it is important to unveil the mechanisms of cell-material interactions on nanopatterned surfaces at the biomolecular level.[@b5-ijn-10-2423]

Titanium and its compounds (TiO~2~) have been used widely in clinical applications, mainly due to their favorable mechanical properties and biocompatibilities.[@b19-ijn-10-2423]--[@b23-ijn-10-2423] For instance, TiO~2~ nanotube arrays with specific diameters and lengths have been confirmed to improve the biological functioning of osteoblasts.[@b20-ijn-10-2423] In addition, TiO~2~ nanotube arrays have been demonstrated as a promising supporting electrode material in the construction of electrochemical glucose biosensors for medical and clinical applications.[@b22-ijn-10-2423],[@b23-ijn-10-2423] Previous studies have reported that the TiO~2~ nanotube array coating can regulate cellular adhesion structures,[@b19-ijn-10-2423],[@b20-ijn-10-2423] cell proliferation rates, and cell differentiation behavior.[@b21-ijn-10-2423] In particular, changing the nanotube diameter can affect cell behavior. For instance, the biological behavior of mesenchymal stem cells on a nanotube surface is size-dependent.[@b24-ijn-10-2423] A 15--20 nm nanotube coating has been shown to promote cellular adhesion, proliferation, migration, and differentiation to a large extent, while a 100 nm nanotube coating can lead to significant cell apoptosis. Such a correlation can be identified as a prevalent property of cross populations.[@b5-ijn-10-2423],[@b21-ijn-10-2423],[@b24-ijn-10-2423],[@b25-ijn-10-2423] However, there is still no deep understanding regarding the mechanisms involving multiple interactions between cells and materials or the relevant cellular response under certain conditions. Therefore, further studies are needed.[@b26-ijn-10-2423]

Gliomas are the most common malignant tumors of the central nervous system,[@b27-ijn-10-2423] with a high postoperative recurrence rate and a poor prognosis.[@b28-ijn-10-2423] Additionally, due to the specific location as an intracranial tumor and the inevitable damage that occurs during surgery, survivors tend to have neurological deficits and a poor quality of life. Therefore, it is necessary to investigate the biological behaviors and underlying cellular mechanisms of glioma cells on nanotubes, which could provide insights for further fundamental research and clinical applications. Our previous study demonstrated that the biological behavior of rat C6 glioma cells cultured on nanotube coatings depended heavily on the nanotube diameter.[@b25-ijn-10-2423] Moreover, it has been shown that human MG-63 osteoblasts have a good differentiation capacity on micro/nanotextured topographies.[@b29-ijn-10-2423] However, to the best of our knowledge, the mechanisms by which the TiO~2~ nanotube affects the behavior of U87 and MG-63 cells have been rarely studied. Therefore, to deepen our understanding of how TiO~2~ nanotube arrays modulate cell behavior at the cell-nanotube interface, we investigated the mutual interactive mechanisms between nanotubes with different diameters and the behavior of U87 human glioblastoma cells and MG-63 osteosarcoma cells. The results of this study will provide insight regarding the ubiquitous effects of nanotube diameter on certain behaviors in some types of tumor cells.

Materials and methods
=====================

Fabrication of TiO~2~ nanotubes with different diameters
--------------------------------------------------------

A pure titanium plate (purity 99.5%) 2 cm in diameter and 0.5 mm in thickness was polished by abrasive paper to obtain a smooth and flat surface, followed by washed in acetone and ultrasonication for 30 minutes to remove the stains on the surface of the titanium. Finally, the plate was washed three times with deionized water before drying in a stream of nitrogen gas. In this study, the TiO~2~ nanotube coating was fabricated at room temperature by a two-step anodization process.[@b30-ijn-10-2423] First, an ethanediol solution containing 0.5 wt% ammonium fluoride was used as the electrolyte (W1) required in the first step of anodization. Next, the titanium plate was anodized under a constant voltage of 60 V for 2 hours with the platinum sheet as the cathode. Next, the sample was cleaned in diluted hydrochloric acid and dried in a stream of nitrogen gas for the next anodization step. An ethanediol solution containing 0.5 wt% ammonium fluoride and 2 vol% hydrofluoric acid was used as the electrolyte (W2), the sample was anodized at the electrolyte (W2) under constant voltage (ranging from 20 V to 60 V to control the nanotube diameter in this study) for 4 hours; the specimen was then washed with distilled water and dried in a stream of nitrogen gas for the subsequent cell experiment. Finally, the TiO~2~ nanotube coating was thermally treated in air at 450°C at a heating rate of 5°C per minute.

Surface characterization of TiO~2~ nanotube coating
---------------------------------------------------

A field emission scanning electron microscope (SU8010, Hitachi, Tokyo, Japan) was used to observe the morphology of the TiO~2~ nanotube coatings. X-ray diffraction (D/max 2400, Rigaku, Tokyo, Japan) was used to identify the crystalline structure, using Cu Kα incident radiation, a tube voltage of 40 kV, a current of 30 mA, a scanning angle ranging from 20° to 80°, and a scanning rate of 5° per minute. A camera and microscope were used to measure the contact angle θ by analyzing the drop shape,[@b25-ijn-10-2423] and the investigation was carried out with an accuracy of ±1° at a temperature of 25°C.

Cell culture
------------

Titanium and titanium-coated nanotubes were sterilized using 75% alcohol, washed three times with sterile deionized water, irradiated with ultraviolet light for 3 hours on the back and 6 hours on the front, and then transferred to a 6-well plate. The U87 and MG-63 cell lines were obtained from the Type Culture Collection of the Chinese Academy of Sciences. The cells were grown and maintained on the substrates (nanotubes and titanium) in Dulbecco's Modified Eagle's Medium (high glucose; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone). The medium was changed every 2 days, and the cells were enzymatically passaged with 0.25% trypsin digestion. Cells at the logarithmic growth phase were cultured on the substrates at a density of 5×10^5^/mL for an additional 24 hours in a standard tissue culture incubator at 37°C with 5% CO~2~ and 100% relative humidity.

Cell morphology by scanning electron microscopy
-----------------------------------------------

After being cultured for 24 hours, the cells on the substrate were washed twice with phosphate-buffered saline to remove the nonadherent cells and fixed in 2.5% glutaraldehyde (Sigma-Aldrich, St Louis, MO, USA) for 2 hours at 4°C. Next, the surfaces were subjected to two 10-minute washes with phosphate-buffered saline and post-fixed in 1% osmium tetroxide (Sigma-Aldrich) for one hour at 4°C. Subsequently, each specimen was washed twice with phosphate-buffered saline for 10 minutes, dehydrated by increasing concentrations of ethanol (35%, 50%, 75%, 90%, and 100%) for 15 minutes, and then dried at room temperature. The dried specimens were sputter-coated with gold and observed under a scanning electron microscope (JSM-6500F, JEOL Ltd, Tokyo, Japan).

Cell adhesion and proliferation assay
-------------------------------------

For cell adhesion, 2×10^5^ U87 cells were seeded on nanotubes or the titanium substrate in a 6-well plate for 6 hours and 24 hours. The nonadherent cells were washed away, and the adherent cells in ten random fields were counted under a fluorescence microscope (40× magnification). Cell viability was examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After being cultured for 24 hours, the cells were digested from the specimens and maintained in 2 mL of Dulbecco's Modified Eagle's Medium. The MTT assay was performed according to the previous report, with minor modifications.[@b31-ijn-10-2423] Each sample (200 μL) was seeded in a 96-well plate in five duplicates. MTT (20 μL, 5 mg/mL; Sigma-Aldrich) was added to each well, and the mixture was incubated at 37°C for an additional 4 hours. After aspirating the solution from each well, 150 μL of dimethyl sulfoxide (Sigma-Aldrich) was added into each well to dissolve the crystals. After shaking for 10 minutes, the absorbance at 490 nm was detected with a microplate reader (Bio-Rad, Hercules, CA, USA). All experiments were repeated three times. Cell viability was determined by the following equation: $$\text{Cell~viability}\left( \% \right) = \left( {{Abs}_{\text{test~cells}}/{Abs}_{\text{control~cells}}} \right) \times 100\%.$$

Cell migration assay
--------------------

The cell migration assay was performed using a Transwell plate (8 μM polycarbonate Med plate, 6.5 mm inserts, Costar, New York, NY, USA). A total of 1.0×10^5^ U87 cells were cultured in a 6-well plate precoated with TiO~2~ nanotubes with different diameters for 24 hours and then detached from the plate by washing with phosphate-buffered saline. A total of 3.0×10^3^ cells in 100 μL of serum-free Dulbecco's Modified Eagle's Medium containing 0.1% bovine serum albumin were added to the top of each migration chamber and allowed to migrate for 20 hours in the presence of 20% fetal calf serum in the lower chamber. The cells on the top chamber were wiped away by a wet cotton swap, and the cells that had migrated were fixed in 100% methanol and stained with Giemsa (Sigma-Aldrich). The migrated cells were visualized using bright-field microscopy (Nikon, Tokyo, Japan), and the number of cells in ten random fields (20× magnification) was counted.

Immunofluorescence microscopy
-----------------------------

U87 and MG-63 cells were adjusted to a density of 1.0× 10^4^ cells/cm^2^ and seeded on the nanotube coatings with or without annealing. After 24 hours, the cells were washed with phosphate-buffered saline and fixed with 4% paraformaldehyde for 20 minutes. The cells were blocked with horse serum (1:20 dilution, Jackson ImmunoResearch, West Grove, PA, USA) for one hour at room temperature, immunolabeled with the primary antibodies anti-rabbit caspase-3 (1:100 dilution, Bioss Inc, Woburn, MA, USA) and anti-mouse acetylated α-tubulin (1:150 dilution, Abcam, Cambridge, MA, USA) overnight at 4°C, washed with phosphate-buffered saline three times, and immunolabeled with the appropriate secondary antibodies (fluorescein isothiocyanate conjugation for acetylated α-tubulin and tetramethylrhodamine-5-(and 6)-isothiocyanate conjugation for caspase-3, 1:50 dilution, Jackson ImmunoResearch) for one hour in the dark. The cells were washed in phosphate-buffered saline. The coverslips were mounted on slides with ProLong^®^ Gold Antifade Mountant and 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, Life Technologies, Carlsbad, CA, USA) before storage at 4°C. The cells were imaged using a Leica confocal microscope (Leica, Wetzlar, Germany). Fluorescence signals were captured after excitation with 355, 488, and 543 nm laser lines.

Western blot assay
------------------

Several proteins were quantified using a Western blot assay, including phosphor-focal adhesion kinase (p-FAK), vitronectin, Bax, Bcl-2, and caspase-3, with glyceraldehyde-3-phosphate dehydrogenase used as a loading control. In brief, the U87 cells were cultured on the surface of nanotubes with different nanotopographic characteristics and smooth titanium, respectively, in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum. After being cultured for 24 hours, the cells were collected, washed, centrifuged, and lysed at 4°C. The protein concentration was quantified using a bicinchoninic acid protein assay kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis were then performed as described previously, with minor modifications.[@b32-ijn-10-2423] A total of 50 μg of protein from each sample was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred onto polyvinylidene fluoride membranes (Roche, Indianapolis, IN, USA) by electroblotting, and probed with specific primary antibodies, including monoclonal mouse anti-p-FAK (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal mouse anti-human vitronectin (1:1,000, R&D Systems), monoclonal mouse anti-human Bcl-2 (1:500, Santa Cruz Biotechnology), monoclonal mouse anti-human Bax (1:500, Santa Cruz Biotechnology, and monoclonal mouse anti-human caspase-3 (1:1,000, R&D Systems). The primary antibodies were detected using horseradish peroxidase-conjugated goat anti-mouse IgG (1:5,000, Promega, Heidelberg, Germany) in blocking solution. Immunoreactive protein bands were detected with an enhanced chemiluminescence reagent (ECL-Plus, Amersham Pharmacia Biotech, Piscataway, NJ, USA) and densitometrically quantitated according to the manufacturer's instructions.

Statistical analysis
--------------------

All experiments were repeated three times, and all quantitative data were presented as the mean ± standard deviation. Statistical comparisons were made with the Student's *t*-test. The significance was determined by one-way analysis of variance using Statistical Package for the Social Sciences version 10.0 software (SPSS Inc, Chicago, IL, USA).

Results and discussion
======================

Effect of nanotube diameter on morphology and spreading of cells
----------------------------------------------------------------

[Figure 1](#f1-ijn-10-2423){ref-type="fig"} shows the TiO~2~ nanotube array coating fabricated under different voltages (20--60 V). The diameter of the nanotubes varied from 20 nm to 120 nm. When the U87 cells were cultured on the nanotube coatings with different diameters in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum for 24 hours, the cells exhibited gradual changes in the morphology and spreading tendency on nanotubes with different diameters ([Figure 2](#f2-ijn-10-2423){ref-type="fig"}). The cells became fusiform-shaped in a single direction on the surface of smooth titanium. On the surface of the 20 nm nanotube coating, the U87 cells attached tightly to the coating. The fiber-like extensions of the cells spread in many directions and formed a complex network on the coating. On the surface of the 50--70 nm nanotube coatings, the cell density was significantly reduced (*P*\<0.05) and the cell morphology became more elongated; however, the network pattern was still present. On the surface of the 100--120 nm nanotube coatings, the cell density was similar to that on the 50--70 nm coatings, but the cells became flat and were connected in a cluster pattern.

Cells usually spread on a substrate surface via lamellipodia and filopodia. Filopodia often serve as the "sensor" to detect the morphology of the substrate surface and as an effective apparatus of the inducible factor of neurites via the recruiting microfilament to determine the growth direction of growing neurites. Correspondingly, the lamellipodia are related to rapid cell movement.[@b33-ijn-10-2423] Detailed images depicting the morphology of cells on the surface of different samples are shown in [Figure 3](#f3-ijn-10-2423){ref-type="fig"}. Cells on the 20 nm nanotube coating stretched out numerous pseudopodia in multiple directions and exhibited a radial appearance. Meanwhile, tiny filiform pseudopodia were presented as big sheets of pseudopodia ([Figure 3A](#f3-ijn-10-2423){ref-type="fig"} and [3B](#f3-ijn-10-2423){ref-type="fig"}). Although there were some microfilaments and pseudopodia stretched on the surface of the smooth titanium ([Figure 3E](#f3-ijn-10-2423){ref-type="fig"} and [3F](#f3-ijn-10-2423){ref-type="fig"}) and the 120 nm nanotube coating, it was obviously less than that on the 20 nm nanotube coating. In addition, cells on the 120 nm nanotube coating appeared broken ([Figure 3C](#f3-ijn-10-2423){ref-type="fig"}), and their pseudopodia showed a tendency to escape and stretch to the tube walls at the connection of the nanotubes ([Figure 3D](#f3-ijn-10-2423){ref-type="fig"}). Moreover, we observed that the expression of p-FAK and vitronectin in the U87 cells cultured on the 20 nm nanotube coatings was obviously increased, while their expression was significantly decreased in the U87 cells cultured on the 120 nm nanotube coatings (*P*\<0.05, [Figure 4A](#f4-ijn-10-2423){ref-type="fig"} and [4B](#f4-ijn-10-2423){ref-type="fig"}).

Both the tube walls and tube holes on the nanotubes can affect cell morphology, thereby stimulating a series of cellular behaviors, such as cell adhesion, migration, and expansion. However, based on our results, compared with the surface of smooth titanium, not all cells cultured on the nanotube coatings showed obvious migration and attachment. This result suggests that the geometrical characteristics of the nanotubes affect the biological behavior of U87 cells. Cell adhesion and morphology are related to integrin receptors. Compared with some surface proteins, integrins are influenced by the topography of the cell adhesion interface.[@b34-ijn-10-2423] The biological behaviors of connective tissue cells on the nanotube coating indicate that nanotubes with a diameter of 15--30 nm can be used as ideal materials to promote integrin assembly into focal adhesion complexes.[@b24-ijn-10-2423] However, when the diameter is larger than a certain threshold,[@b35-ijn-10-2423] the nanotubes will no longer support the integrin assembly. Therefore, cell migration and spreading are subject to certain constraints. In this study, the changes in cell morphology on different surfaces suggest that the growth of U87 cells on different nanotube coatings was size-dependent. We observed not only lamellipodia extension in various directions but also typical fan-shaped, fast-moving cells on the 20 nm nanotube coating, indicating that the cells embody free migration trends, while on the 100--120 nm nanotube coatings, the migration, adsorption, and spread of cells were obviously suppressed. However, a large number of cell clusters implied that the cell behaviors on the nanotube coating surface are also affected by other factors besides integrins. The extracellular matrix (ECM) consists mainly of collagen, polysaccharides, and proteoglycans, which perform many functions, such as biological signal transmission, regulating cell adhesion and migration.[@b36-ijn-10-2423] The composition, density, and distribution characteristics of the ECM on the surface can affect cell biological behavior.[@b37-ijn-10-2423] Cell adhesion to the ECM mostly leads to clustering of integrins into focal adhesion complexes and recruitment of functional proteins, including fibronectin, FAK, extracellular-regulated kinase, and others. In this study, we analyzed the expression of p-FAK and vitronectin. FAK has been found to serve as an executor to connect cadherin to actin in the cytoskeleton[@b38-ijn-10-2423] and to influence cellular behaviors, including spreading, migration, and adhesion.[@b4-ijn-10-2423] Vitronectin can markedly promote glioma activation[@b39-ijn-10-2423] and is responsible for protection against apoptosis.[@b40-ijn-10-2423] In particular, vitronectin is an important component of the ECM and serves as a biomarker for cell adhesion and spreading. Cell adhesion to the ECM facilitates the binding of integrins to functional proteins such as vitronectin and fibronectin. Vitronectin can bind with integrins and possesses competitive advantages compared with other major proteins. For instance, the adhesion of smooth muscle cells to substrates is controlled by fibronectin and vitronectin in the initial 24 hours, but cells preferentially bind to vitronectin after 24 hours.[@b41-ijn-10-2423] Here, we observed that the expression levels of vitronectin and p-FAK in U87 cells cultured on nanotubes with different diameters were size-dependent; they increased on the 20 nm nanotube coating but decreased on the 120 nm nanotube coating ([Figure 4](#f4-ijn-10-2423){ref-type="fig"}). In addition, the lack of FAK results in increased cell-cell adhesion but reduced cell-matrix contacts.[@b4-ijn-10-2423] Therefore, on the nonadhesive surface, the naked nanotubes without the ECM coating failed to form a natural membrane ([Figure 3D](#f3-ijn-10-2423){ref-type="fig"}) for cell embedding (as [Figure 3B](#f3-ijn-10-2423){ref-type="fig"} shows) and could not coordinate with the integrins to form adhesion plaques. Instead, they promoted cell-cell contacts to replace the cell-matrix contacts.

Our results indicate that the behavior of U87 cells on the nanotube coatings is regulated in a coordinated manner by direct effects of the cell-material interaction and indirect effects of the protein-material-cell interactions. The direct effects include integrin receptors responding to the changes in diameters and transmission of the topography cues to the nucleus to control cell behaviors, while the indirect effects include transmission of outside signals by the ECM to the nucleus via integrins.

Effects of crystalline structure on cell morphology and spreading
-----------------------------------------------------------------

To further evaluate the effects of the crystal structure of the TiO~2~ nanotube coatings on U87 cell behaviors, we examined the morphology of the U87 cells on the nanotubes after annealing. As shown in [Figure 5A](#f5-ijn-10-2423){ref-type="fig"} and [5B](#f5-ijn-10-2423){ref-type="fig"}, the morphology of the cells on the nanotube coatings was almost the same as that on the amorphous nanotubes ([Figure 2](#f2-ijn-10-2423){ref-type="fig"}). After annealing, the nanotube coating became a mixed crystal structure of rutile and anatase ([Figure 5C](#f5-ijn-10-2423){ref-type="fig"}). Compared with the amorphous coating, the wetting angle of the coating with the mixed crystal structure was lower ([Figure 5D](#f5-ijn-10-2423){ref-type="fig"}).[@b42-ijn-10-2423] However, the morphology and spreading behavior of the U87 cells did not appear to be affected by changes in the crystalline structure or the hydrophilic properties of the coatings after being cultured for 24 hours. Moreover, the expression of p-FAK and vitronectin in U87 cells was not obviously affected by the phase of the nanotubes, but the expression of p-FAK and vitronectin in the U87 cells cultured on the 120 nm nanotube coating was significantly decreased compared with that on the 20 nm nanotube coating, regardless of whether annealing occurred (*P*\<0.05, [Figure 5E](#f5-ijn-10-2423){ref-type="fig"} and [5F](#f5-ijn-10-2423){ref-type="fig"}). These results indicate that the cell morphology may be controlled mainly by the nanotube coating surface topography. If the annealing temperature does not change the morphology of the coating, the morphological differences of cells on the TiO~2~ with different crystal structures are not obvious.[@b43-ijn-10-2423] On the contrary, if a higher annealing temperature damages the coating morphology, subsequent expression of adhesion proteins will also be changed, and cell morphology and spreading will be affected.[@b43-ijn-10-2423] The morphology and spreading of U87 cells on the nanotube coating rely mainly on integrins and adhesion proteins, both of which seem not to respond sensitively to changes in the coating crystalline structure.

Role of phase and topography of TiO~2~ nanotubes in supporting cell activities
------------------------------------------------------------------------------

The MTT assay was performed to evaluate the effect of the topography and crystal structure of the nanotube coatings on the viability of U87 and MG-63 cells ([Figure 6](#f6-ijn-10-2423){ref-type="fig"}). The cell viability of U87 cells plated on the 20 nm nanotube coating was significantly higher than that on the other sized coatings (*P*\<0.05). When the nanotube diameter was larger than 50 nm, the cell viability decreased. Moreover, the annealed nanotube coatings did not significantly promote cell viability (*P*\>0.05), compared with the same diameter of amorphous nanotubes ([Figure 6A](#f6-ijn-10-2423){ref-type="fig"}). Similar results were observed for MG-63 cells, in which cell viability was significantly elevated (*P*\<0.05) on the 20 nm nanotube coating with or without annealing but was obviously decreased on the 120 nm nanotube coating ([Figure 6B](#f6-ijn-10-2423){ref-type="fig"}). We further examined the effect of different diameters of TiO~2~ coating on adhesion of U87 cells. After cell culture for 24 hours, the cell numbers on the 20 nm nanotube coating with or without annealing were significantly greater than those on the larger diameter nanotube coatings ([Figure 7A](#f7-ijn-10-2423){ref-type="fig"}, *P*\<0.05). Meanwhile, we examined the migratory capacity of U87 cells on the nanocoatings. The migratory capacity of the U87 cells was significantly improved when they were cultured on the 20 nm nanotube coating with or without annealing, while the migratory capacity of the U87 cells on the 120 nm nanotube coating was dramatically reduced compared with the titanium coating ([Figure 7B](#f7-ijn-10-2423){ref-type="fig"} and [7C, *P*](#f7-ijn-10-2423){ref-type="fig"}\<0.05, the images of the Transwell assay as well as the nuclear staining of U87 cells are included in the Supplementary materials section; [Figure S1](#SD1-ijn-10-2423){ref-type="supplementary-material"}, [S2](#SD2-ijn-10-2423){ref-type="supplementary-material"}, [S3](#SD3-ijn-10-2423){ref-type="supplementary-material"} and [S4](#SD4-ijn-10-2423){ref-type="supplementary-material"}). It has been demonstrated that microtubules consisting of α-tubulin and β-tubulin heterodimers are involved in cell movement, intracellular trafficking, and mitosis.[@b44-ijn-10-2423] Acetylated α-tubulin is a component of long-lived and stable microtubules, and deacetylation of α-tubulin enhances cell motility.[@b44-ijn-10-2423] Compared with the titanium coating, the expression of acetylated α-tubulin in U87 and MG-63 cells cultured on the 20 nm nanotube coating was obviously lower with or without annealing, while its expression was increased in cells cultured on the 120 nm nanotube coating ([Figures 7D](#f7-ijn-10-2423){ref-type="fig"}, [7E](#f7-ijn-10-2423){ref-type="fig"}, and [9](#f9-ijn-10-2423){ref-type="fig"}).

These data are consistent with the changes in migratory capacity of cells cultured on nanotube coating with different diameters. The basic unit of the connecting structure between cells and nanotubes is the ECM-integrin-cytoskeleton, and downregulation of p-FAK and vitronectin in cells cultured on nanotubes with larger diameters implies that the lack of functional ECM production may impair cell adhesion to the ECM, which inhibits the binding of integrins to the focal adhesion complex and activation of intracellular signal transmission into the cytoskeleton.[@b24-ijn-10-2423]

Based on our findings, we predict that a diameter in the range of 15--30 nm is the most suitable for integrin assembly into focal contacts[@b45-ijn-10-2423] to further enhance cell migration, differentiation, and proliferation.[@b24-ijn-10-2423] In addition, although coatings with a mixed crystallinity structure have high surface energy,[@b42-ijn-10-2423] the influence of changes in the crystalline structure on ECM-integrin-cytoskeleton formation is relatively minor compared with the nanotopography. Thus, coatings with mixed crystal phases cannot obviously promote cell proliferation. We can infer that a nanotube diameter of 15--30 nm may represent a constant threshold to support major cellular responses to the nanotube surface in certain tumor cells. However, it should be noted that certain other factors, such as the crystallinity, residual fluorine,[@b43-ijn-10-2423] nanotube length, cell seeding density, and incubation time,[@b20-ijn-10-2423] may more or less affect the biological behaviors of cells on the nanotubes, although these factors need to be verified in a future study.

Effects of phase and topography of TiO~2~ nanotubes on cell apoptosis
---------------------------------------------------------------------

To further investigate the consequences of reduced cell motility and proliferation on nanotubes with a large diameter, we sought to examine the expression of several apoptosis-related proteins by Western blot. Bcl-2 is a potent suppressor of cell apoptosis,[@b46-ijn-10-2423] while Bax is a proapoptotic member of the Bcl-2 protein family; overexpression of Bax indicates an apoptosis-inducing tendency.[@b47-ijn-10-2423] Regardless of whether an extrinsic or intrinsic apoptotic pathway is activated, caspase-3 is always activated downstream of apoptotic pathways[@b48-ijn-10-2423] and plays an important role in cell death. Here, we observed that the expression levels of Bax, Bcl-2, and caspase-3 were changed. As shown in [Figure 8A](#f8-ijn-10-2423){ref-type="fig"} and [8B](#f8-ijn-10-2423){ref-type="fig"}, the level of Bcl-2 protein was increased but the expression of Bax and caspase-3 proteins was reduced in U87 cells cultured on the 20 nm nanotube coatings. The ratio of Bcl-2/Bax is also an important parameter. It was found that the Bcl-2/Bax ratio was highest in cells cultured on the 20 nm nanotube coating. Moreover, the double immunostaining of caspase-3 and acetylated α-tubulin revealed obviously higher caspase-3 and acetylated α-tubulin expression levels in U87 and MG-63 cells cultured on the 120 nm nanotube coating, but significantly lower caspase-3 and acetylated α-tubulin expression levels in the same cells cultured on the 20 nm nanotube coating ([Figures 7D](#f7-ijn-10-2423){ref-type="fig"}, [7E](#f7-ijn-10-2423){ref-type="fig"}, [8C](#f8-ijn-10-2423){ref-type="fig"}, [8D](#f8-ijn-10-2423){ref-type="fig"}, [9A](#f9-ijn-10-2423){ref-type="fig"}, and [9B](#f9-ijn-10-2423){ref-type="fig"}, the immunostaining images including the nuclear staining of U87 cells and MG63 cells were provided in Supplementary materials; [Figures S5](#SD5-ijn-10-2423){ref-type="supplementary-material"}, [S6](#SD6-ijn-10-2423){ref-type="supplementary-material"}, [S7](#SD7-ijn-10-2423){ref-type="supplementary-material"} and [S8](#SD8-ijn-10-2423){ref-type="supplementary-material"}). These data are consistent with the robust cell viability and proliferation results on the 20 nm nanotube coating. Similar findings for the different cell types indicate that the effects of nanotube diameter on cell activity are not cell type-specific. In glioma, induction of apoptosis is especially of importance in the investigation of effective therapies. Thus, considering the caspase-3 Western blot and immunostaining data, the 20 nm nanotubes seemed to promote proliferation of U87 cells and MG-63 cells, although further investigation is needed to explore the underlying mechanisms.

Conclusion
==========

Our data demonstrate that the effects of nanotube diameter on the behavior of glioblastoma and osteosarcoma cells are size-dependent. The critical threshold diameter for the nanotubes is 20 nm for adhesion, spreading, and proliferation of cells. Larger nanotube diameters result in reduced cell migration capacity and proliferation as well as increased cell apoptosis. Thus, the size of the nanotube system regulates cell behavior, and this information will be useful for future biomedical and clinical applications.

Supplementary materials
=======================

###### 

Images of the transwell assay of U87 cells cultured on the nanotubes without annealing, the smooth surface of titanium was control.

**Abbreviation:** Ti, titanium.

###### 

Image of the transwell assay of U87 cells cultured on the nanotubes with annealing.

###### 

Immunofluorescence of acetylated α-tubulin expression in U87 cells cultured on nanotubes including the image of nuclear staining, the nanotubes were without annealing and the smooth surface of titanium was control.

**Abbreviation:** Ti, titanium.

###### 

Immunofluorescence of acetylated α-tubulin expression in U87 cells cultured on nanotubes including the image of nuclear staining, the nanotubes were annealed.

###### 

Immunofluorescence of caspase-3 expression in U87 cells cultured on nanotubes including the image of nuclear staining, the nanotubes were without annealing and the smooth surface of titanium was control.

**Abbreviation:** Ti, titanium.

###### 

Immunofluorescence of caspase-3 expression in U87 cells cultured on nanotubes including the image of nuclear staining, the nanotubes were annealed.

###### 

Double staining of caspase-3 and acetylated α-tubulin expression in MG-63 cells cultured on nanotubes with different diameters including the image of nuclear staining, the nanotubes were without annealing and the smooth surface of titanium was control.

**Abbreviation:** Ti, titanium.

###### 

Double staining of caspase-3 and acetylated α-tubulin expression in MG-63 cells cultured on nanotubes with different diameters including the image of nuclear staining, the nanotubes were annealed.
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![Sectional layer of vertically oriented TiO~2~ nanotubes with different diameters.](ijn-10-2423Fig1){#f1-ijn-10-2423}

![Scanning electron microscopic images of U87 cells cultured on amorphous nanotube coatings.\
**Abbreviation:** Ti, titanium.](ijn-10-2423Fig2){#f2-ijn-10-2423}

![High magnification scanning electron microscopic images of U87 cells.\
**Notes:** (**A**) U87 cells cultured on 20 nm nanotubes. The red circles indicate the tiny filiform pseudopodia. (**B**) The ECM component is deposited on the 20 nm nanotubes. (**C**) U87 cells cultured on 120 nm nanotubes. The red circles indicate the fracture of the cells. (**D**) Cell extensions protrude to the tube walls. (**E**) U87 cells cultured on smooth titanium substrate. (**F**) Microfilaments and pseudopodia stretched on the surface of smooth titanium.\
**Abbreviation:** ECM, extracellular matrix.](ijn-10-2423Fig3){#f3-ijn-10-2423}

![Expression of vitronectin and p-FAK in U87 glioma cells cultured on nanotubes with different diameters.\
**Notes:** (**A**) Western blot analysis of the expression of vitronectin and p-FAK. (**B**) Statistical analysis of vitronectin and p-FAK expression. The densities of the vitronectin and p-FAK bands were measured, and the ratio was calculated. \**P*\<0.05, compared with titanium and 20 nm nanotubes.\
**Abbreviations:** p-FAK, phosphor-focal adhesion kinase; VN, vitronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ti, titanium.](ijn-10-2423Fig4){#f4-ijn-10-2423}

![Cell morphology, crystallinity, and contact angle of the TiO~2~ nanotubes.\
**Notes:** (**A**) Scanning electron micrographs of U87 glioma cells on the 20 nm nanotubes with annealing at 450°C. (**B**) Scanning electron micrographs of U87 cells on the 120 nm nanotubes with annealing at 450°C. (**C**) X-ray diffraction patterns for amorphous nanotubes and annealed nanotubes. (**D**) Contact angles of amorphous nanotubes and annealed nanotubes. (**E**) Expression levels of vitronectin and p-FAK in U87 glioma cells cultured on 20 nm and 120 nm nanotubes with or without annealing. (**F**) Statistical analysis of vitronectin and p-FAK expression. The densities of vitronectin and p-FAK bands were measured, and the ratio was calculated. \**P*\<0.05, compared with the 20 nm nanotubes.\
**Abbreviations:** au, absorbance units; p-FAK, phosphor-focal adhesion kinase; VN, vitronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ti, titanium.](ijn-10-2423Fig5){#f5-ijn-10-2423}

![Viability of U87 (**A**) and MG-63 (**B**) cells on nanotubes with different diameters after cell culture for 24 hours. The data are presented as the mean ± standard deviation (n=3). \**P*\<0.05 versus titanium, 50 nm, 70 nm, 100 nm, and 120 nm samples.\
**Abbreviations:** Ti, titanium; OD, optical density.](ijn-10-2423Fig6){#f6-ijn-10-2423}

![(**A**) Adhesion of U87 cells to titanium and 20 nm and 120 nm nanotubes. \**P*\<0.05 compared with titanium and 120 nm nanotubes. (**B**, **C**) Migratory capacity of U87 cells on nanotubes with different diameters without (**B**) and with (**C**) annealing. (**D**, **E**) Immunofluorescence of acetylated α-tubulin expression in U87 cells cultured on nanotubes with different diameters without (**D**) and with (**E**) annealing.\
**Abbreviation:** Ti, titanium.](ijn-10-2423Fig7){#f7-ijn-10-2423}

![Effect of nanotubes with different diameters on the apoptosis of U87 cells.\
**Notes:** (**A**) Expression of Bcl-2, Bax, and caspase-3 in U87 cells cultured on nanotubes with different diameters without annealing. (**B**) Statistical analysis of Bcl-2, Bax, and caspase-3 expression. \**P*\<0.05, compared with the 20 nm nanotubes. (**C**, **D**) Immunostaining of caspase-3 in U87 cells cultured on nanotubes with different diameters without (**C**) and with (**D**) annealing.\
**Abbreviations:** GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ti, titanium.](ijn-10-2423Fig8){#f8-ijn-10-2423}

![Double staining of caspase-3 and acetylated α-tubulin expression in MG-63 cells cultured on nanotubes with different diameters without (**A**) and with (**B**) annealing.\
**Abbreviations:** Ac, acetylated; Ti, titanium.](ijn-10-2423Fig9){#f9-ijn-10-2423}
